Abstract. We have studied the spectral properties of Pr 3+ -doped CaAl 4 O 7 and SrAl 4 O 7 crystals at 77 and 290 K. Emissions from the 4f5d band are detected using two-photon stepwise excitation. We demonstrated a new method to conveniently measure the quantum efficiency of deep UV emission using the two-step excitation and the difference of the integrated spectral intensities. The quantum efficiencies of the emission from the lowest 4f5d state in the two systems have been estimated and are less than 10% at room temperature. The effect of excited state absorption of the lowest 4f5d on the measurement of the quantum efficiency is analyzed. The actual efficiency may be higher when the effect is taken into account, especially under the condition of strong excitation.
Introduction Trivalent praseodymium (Pr

3+
) ions, as an active fluorescent centers, have been studied in varieties of hosts [1] [2] [3] [4] [5] . There are two situations in terms of the positions of 1 S 0 state and the 4f5d band. First, the lowest 4f5d state lies above the 1 S 0 state of the 4f 2 configuration, that is the situation in some fluorides, some aluminates, and borates with Pr 3+ ions at the high coordination sites. Parity-allowed excitation to the 4f5d band will quickly relax to 1 S 0 state where the electrons further relax and yield optical emissions. The quantum efficiency (QE) of 1 S 0 can be higher than 100% as shown in YF 3 :Pr 3+ [2] . Second case is Pr 3+ in YAG, LiYF 4 , and the crystals presented in the paper, where the lowest 4f5d state lies below the 1 S 0 state, excitation to the 4f5d band will relax to the lowest state in the band, yielding the emission in broad spectral range. For emission from either 1 S 0 state or the lowest band, deep UV excitation is required.
The purpose of this work is to investigate the spectral properties of Pr
:CaAl 4 O 7 (CAO:Pr) and Pr
:SrAl 4 O 7 (SAO:Pr) systems and to demonstrate a new method to measure the emission efficiency without using deep UV source. The method uses two-photon stepwise excitation to pump the electrons from ground state to 4f5d band. The emission spectra can be detected at UV and visible ranges. Optical transitions are identified and the quantum efficiency of the band is calculated using the difference of the spectral intensities obtained at different pumping mechanisms. The QEs measured for the lowest 4f5d band in both samples are less than 10%. An influence in the QE measurementdue to the excited state absorption (ESA) is discussed. The actual QEs may be higher when the ESA effect is taken into account.
Experimental
CAO:Pr and SAO:Pr single crystal fibers were prepared by laser heated pedestal growth method (LHPG) [6] . The concentrations of Pr 3+ is 5 at. % for CAO:Pr and 1 at. % for SAO:Pr. The trivalent rare earth ions replace divalent Ca or Sr ions in the host. 5 at. % and 1 at. % equal amount of Mg was codoped for the each sample, respectively, substituting for Al ions for charge compensation. The basic structures of both host crystals are monoclinic with space group C2/c [7] . They are transparent from 350 nm to 5 m [8] . .
Experimental setup has been illustrated in Ref. 5 . Pump scheme is shown in Fig. 1 
The transitions from the lowest 4f5d state to 
or we find the QE of the band,
All the information on the right of Eq. (4) can be obtained from the spectral measurements. Detailed calculation will be presented in the next section, followed by a discussion of the ESA effect of the lowest 4f5d state on the QE measurements. Figure 2 shows the excitation spectra of SAO:Pr when the 3 P 0 -3 F 2 emission at 647 nm is monitored at 290 K (solid line) and 77 K(dashed line), respectively, and the intensity corrected emission spectra under 463 nm ( 3 H 4 -3 P 1 ) excitation also at 290 K (solid line) and 77 K(dashed line), respectively. The detailed peak identifications are also shown in the figure. Branch ratios 0 and 1 can be calculated from the emission spectra (290 K) in Fig. 2 and Fig. 3 , respectively. 0 can be estimated in the range of 0.7~1.0 [2] . 1 is close to a unit since all the 4f5d emissions are in the UV region and collected as shown in the inset of Fig. 3 . Similar results can be obtained for Pr:CAO. similar to Pr:SAO in Fig. 3 . Ratio Rs, together with the calculated QEs, are listed in Table I .
Spectral Results and QE Measurement
All the QE values shown in Table I are less than 10%. There are two factors accounted for the low QE's: First, the trap/defect centers may interact with the lowest 4f5d state in the crystal and cause strong nonradiative relaxation of the state and therefore reduces the quantum efficiency. The measured QEs truly reflect the properties of the 4f5d state. Second, the low QE may be affected by the ESA of the lowest 4f5d state, resulting that some electrons in the lowest 4f5d state move to the conduction band and release their energy to some trap centers of the host crystals. The values of the measured QE may be manipulated by the effect. In the following, we will discuss the ESA influence in the QE measurement.
The Effect of ESA on QE Measurement
The expression in Eq (4) is obtained without considering the ESA of the lowest 4f5d state. However, the cross-section of the ESA of the lowest 4f5d state has been reported with a value greater than that of 3 P 0 state in some crystals doped with Pr 3+ ions [9] [10] [11] . The Eq. (4) may need some modification if strong UV excitation causes ESA of the lowest 4f5d state. As shown in Fig. 4 , a pulsed dye laser at 463 nm populates the 3 P 0 state. The UV laser at 355 nm then brings the electrons to the 4f5d band. Those electrons will quickly relax to the lowest state in the band, where the ESA of 355 nm takes place and sends the electrons to the conduction band. The electrons in the conduction band are captured by some kind of traps. In general, the rate of the electrons being captured is high, while the rate of the electrons being released from the traps is low in comparison to the lifetime of the lowest 4f5d state.
Assume the laser pulse is rectangular with photon flux density F and duration t p , the electronic populations in 3 P 0 , the lowest 4f5d state, and the conduction band are n 0 , n 1 , and n 2 , respectively, absorption cross-sections of 3 P 0 and the lowest 4f5d state 0 and 1 , respectively, and decay rates of 3 P 0 and the lowest 4f5d 0 and 1 , respectively, the rate equations during the pulse can be written as:
W a ve le n g th (n m ) 6 
Set the zero time when the UV pulse arrives at the sample with initial condition n 0 (t=0) = N 0 , where N 0 is nearly a constant during the UV excitation since t p is much smaller than the lifetime of 3 P 0 state, the solutions of the coupled equations can be readily obtained as follows, 
After t = t p , n 0 and n 1 decay with rate 0 and 1 , respectively. Since t p (5 ns), 1/ 1 (15 ns) [10] << 1/ 0 (15 s), the integrated intensity of the 3 P 0 emission, I 0 ', must include the contribution of the 4f5d fluorescence during the pulse and can be expressed as follows,
Similarly, the integrated intensity of the 4f5d emission, I 1 , can be expressed, 
Without the UV pulse, integrated intensity of 
Eq. (9) can be used to find photon flux density. Eq. (10) can be simplified by considering two extreme cases: (1) (F + )t p <<1 and (F 0 + 0 )t p <<1. This corresponds to the weak excitation or short pulse limit; Eq. (10) can be approximated to, 
The ratio will not be affected by ESA and is consistent with Eq. (3) (branch ratios will be taken into account in specific calculations).
(2) (F 1 + 1 )t p >>1 and (F 0 + 0 )t p >>1. This is the case of strong excitation limit, Eq. (10) becomes Fig. 4 Energy levels of Pr 3+ for rate equation modeling. n 0 , n 1 , and n 2 , are the electronic populations; 0 and 1 the absorption crosssections, and 0 and 1 the decay rates.
The ratio or the QE measurement will be intensity dependent. More general, let y = 1 /(F 1 + 1 ) and x = (F 1 + 1 )/(F 0 + 0 ), Eq. (10) can be rewritten as follows, 
where 1 (y = 1) = 0 I 1 / I 0 , corresponding to the weak excitation limit. For CAO:Pr sample, 1 = 4.2% without counting the effect of ESA, as listed in Table I . Now, we will estimate the flux intensity and take ESA into account. Based on our data, [10] , we have y ~ 0.06, x ~ 13. This suggests that the actual QE should be 4.5 times greater than what we measured. When the power is lowered, there is no substantial difference observed since the intensity dependence of QE becomes less sensitive. The lower power also yields very weak up-converted emission, reducing the signal to noise ratio. However, it was difficult to increase power and to keep the sample undamaged to test the prediction. Even if the effect of ESA is counted, the QE is still far below a unity observed in other crystals [9] , indicating that the trap centers play a dominant role in the decay of the lowest 4f5d state. 
Conclusions
We have characterized the spectral properties of Pr
3+
:CaAl 4 O 7 and Pr:SrAl 4 O 7 crystals. Deep UV emissions from the lowest 4f5d state are detected using two-photon stepwise excitation. We have demonstrated a new method to measure the quantum efficiency of the emission using the two-step excitation and the difference of the integrated emission intensities. The quantum efficiencies of the emission in the two crystal systems have been estimated in a range of 2~9 % at room temperature. The effect of ESA of the lowest 4f5d on the quantum efficiency measurement is analyzed, suggesting that, at strong excitation, the actually quantum efficiency may be much higher than the measured values.
